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Short- and Long-Range Repulsion
by the Drosophila Unc5 Netrin Receptor
served regions: a ZU5 domain (also found in Zonula
Occludens-1; Schultz et al., 1998), a DB motif (Hong et
al., 1999), and a carboxy-terminal death domain (DD;
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Hofmann and Tschopp, 1995). Both DCC and UNC5A-1030 Vienna
receptors bind Netrins with high affinity (Keino-Masu etAustria
al., 1996; Leonardo et al., 1997).
In C. elegans, UNC-40 is required primarily for ventral
migrations directed toward UNC-6, but also participatesSummary
in many dorsal migrations away from UNC-6 (Hedge-
cock et al., 1990; Colavita and Culotti, 1998). UNC-5, inNetrins are bifunctional guidance molecules, attracting
contrast, is required only for dorsal migrations awaysome axons and repelling others. They act through re-
from UNC-6 (Hedgecock et al., 1990; Hamelin et al.,ceptors of the DCC and UNC5 families. DCC receptors
1993). Similarly, in vertebrates, DCC is required for thehave been implicated in both attraction and repulsion
ventral growth of mammalian commissural axons in vivoby Netrins. UNC5 receptors are required only for repul-
(Fazeli et al., 1997), and the attractive Netrin responsesion. In Drosophila, Netrins are expressed by midline
of isolated Xenopus spinal axons in vitro (Ming et al.,cells of the CNS and by specific muscles in the periph-
1997). Expression of UNC5 family receptors in culturedery. They attract commissural and motor axons ex-
Xenopus spinal axons switches their response to Netrinpressing the DCC family receptor Frazzled. Here we
from attraction to repulsion (Hong et al., 1999). Likereport the identification of the Drosophila Unc5 recep-
attraction, repulsion of Xenopus spinal axons also re-tor, and show that it is a repulsive Netrin receptor
quires DCC function. Together, these data have led tolikely to contribute to motor axon guidance. Ectopic
a model in which DCC receptors mediate attraction, andexpression of Unc5 on CNS axons can elicit either
in some cases also repulsion, while UNC5 receptors actshort- or long-range repulsion from the midline. Both
only in repulsion.short- and long-range repulsion require Netrin func-
Stein, Tessier-Lavigne, and their colleagues have fur-tion, but only long-range repulsion requires Frazzled.
ther exploited the Xenopus growth cone turning assay
to investigate the molecular mechanisms of DCC andIntroduction
UNC5 function (Hong et al., 1999; Stein et al., 2001).
Their work has shown that attraction to Netrin involvesThe Netrins are a conserved family of secreted molecules
the multimerisation of DCC receptors, mediated by the
that guide neuronal growth cones in the developing ner-
association of their cytoplasmic P3 domains (Stein et
vous system. They are bifunctional, capable of attracting
al., 2001). Repulsion, on the other hand, depends on an
some axons while repelling others. For example, the C. interaction between the cytoplasmic domains of DCC
elegans Netrin UNC-6 acts as an attractant for growth and UNC5 receptors. In this case, the association is
cones and cells that migrate ventrally, and as a repellent mediated by the P1 domain of DCC, which binds the
for those that migrate dorsally (Hedgecock et al., 1990; DB domain of UNC5 (Hong et al., 1999). In both attraction
Ishii et al., 1992; Wadsworth et al., 1996). Similarly, verte- and repulsion, binding of Netrin to the extracellular do-
brate Netrins attract commissural axons, but repel cer- main of its receptor triggers the interaction between the
tain motor axons (Kennedy et al., 1994; Serafini et al., cytoplasmic domains.
1994; Colamarino and Tessier-Lavigne, 1995; Shirasaki A further important conclusion from these studies is
et al., 1996; Varela-Echavarria et al., 1997). that it is the cytoplasmic domain of UNC5 that specifies
Netrins act through receptors belonging to two dis- repulsion. This comes from the finding that a DCC-
tinct families: the Deleted in Colorectal Cancer (DCC) UNC5H2 chimeric receptor, in which the DCC extracellu-
and UNC5 families. DCC family receptors include DCC lar domain is fused to the UNC5H2 cytoplasmic domain,
and neogenin in vertebrates (Keino-Masu et al., 1996), can elicit a repulsive Netrin response that is just as strong
Frazzled in Drosophila (Kolodziej et al., 1996), and UNC-40 as that induced by UNC5H2 itself (Hong et al., 1999). In
in C. elegans (Chan et al., 1996). These are single-pass fact, the extracellular domain of UNC5H2 is not even
transmembrane receptors of the immunoglobulin (Ig) required: a DCC/UNC5H2 receptor complex can still form
superfamily. Their cytoplasmic domains contain three and mediate repulsion, even if one of the two proteins
regions of high homology across species, called P1, P2, lacks its entire extracellular domain. Hong et al. (1999)
and P3. UNC5 family receptors, including C. elegans also investigated which parts of the UNC5H2 cytoplasmic
UNC-5 (Leung-Hagesteijn et al., 1992) and its three ver- domain are required for repulsion. The DB domain was
tebrate homologs UNC5H1, UNC5H2, and UNC5H3/ essential in their assays; the death domain was not. The
RCM (Ackerman et al., 1997; Leonardo et al., 1997), are requirement for the ZU5 domain was not addressed.
also single-pass transmembrane receptors. Their extra- We wished to explore and extend these in vitro find-
cellular domains consist of two Ig domains and two ings in the context of the intact developing nervous
thrombospondin type I (TSP) domains. The cytoplasmic system. For this, we chose to investigate the role and
domains of UNC5 receptors include at least three con- mechanism of repulsive Netrin signaling in Drosophila.
One of the primary advantages of Drosophila for such
a study is that it offers the possibility to examine not1 Correspondence: dickson@nt.imp.univie.ac.at
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only how repulsion by Netrin and its receptors operates fied, and used to isolate full-length cDNAs from embry-
onic and larval-pupal cDNA libraries. These cDNAs en-in vivo, but also how this system might interact with the
many other attractive and repulsive forces known to guide code a 1072 amino acid transmembrane protein most
closely related in structure and sequence to C. elegansaxons in the developing Drosophila nervous system. One
of the initial disadvantages was that a Drosophila UNC5 UNC-5 and its mammalian homologs (Figure 1). Exami-
nation of the Drosophila euchromatic genome sequencefamily receptor had not yet been characterized.
Two Drosophila Netrin genes, NetA and NetB, are (Adams et al., 2000) reveals that this is likely to be the
only member of the unc-5 family encoded in the Dro-expressed by midline cells in the CNS and by specific
muscles in the periphery (Harris et al., 1996; Mitchell et sophila genome.
The predicted Drosophila Unc5 protein has the sameal., 1996). Acting as attractants through the DCC family
receptor Frazzled (Fra), NetA and NetB help guide com- domain organization as its worm and mammalian or-
thologs, to which it has 24%–29% amino acid identitymissural axons toward the CNS midline and motor axons
toward their specific muscle targets (Harris et al., 1996; over its entire length (Figures 1B and 1C). The two TSP
domains are the most highly conserved regions in theKolodziej et al., 1996; Mitchell et al., 1996; Winberg et
al., 1998). Here we report the identification and charac- UNC5 proteins, with 37%–55% amino acid identity be-
tween the TSP domains of UNC5 proteins from differentterization of the Drosophila UNC5 family receptor, and
show that it is indeed a repulsive Netrin receptor. Dro- species (Leung-Hagesteijn et al., 1992; Ackerman et al.,
1997; Leonardo et al., 1997; Figure 1C). Curiously, al-sophila Unc5 is expressed on a subset of motor axons
that exit the CNS without crossing the midline, and avoid though the TSP domains of Drosophila Unc5 also show
the highest level of sequence similarity to other UNC5s,Netrin-expressing muscles in the periphery. Genetic
analysis suggests that although Unc5 mediates a potent they are also unique in that they contain two small inser-
tions: a 49 amino acid insertion within the second TSPrepulsive response to Netrins in these motor axons, this
is likely to be only one of many guidance forces that domain and a 17 amino acid insertion between the two
TSP domains (Figures 1B and 1C). The significance ofcontrol their trajectories.
Ectopic expression of Unc5 can also elicit potent re- these insertions is unknown, but it is interesting to note
that the two Drosophila Netrins also contain small inser-pulsive responses to Netrin by CNS axons. Expression
of Unc5 in all neurons elicits a short-range response: tions that are not found in the Netrins of other species
(Harris et al., 1996; Mitchell et al., 1996).commissural axons are prevented from crossing the
midline, but are not repelled away from it. In contrast,
expression of Unc5 in specific lateral interneurons elicits Unc5 Is Expressed on Segmental Nerve
a long-range response: instead of growing toward the Motor Axons
midline, these axons now grow directly away from it and We determined the expression pattern of Unc5 during
out of the CNS. Drosophila embryogenesis using in situ hybridization
These short- and long-range repulsive responses to with antisense Unc5 probes (Figures 2A–2D) and immu-
Netrin provided the ideal setting to examine the struc- nohistochemistry using antisera against Unc5 protein
tural and genetic requirements for Unc5 function. Our (Figures 2E–2G). Prior to gastrulation, Unc5 mRNA is
examination of the structural requirements for Unc5 strongly expressed in the presumptive mesoderm. Me-
function partly confirms and extends the data obtained sodermal expression begins to fade during stages 13–
in vitro using the Xenopus assay, but also reveals some 14, persisting only in the cells that form the dorsal vessel.
intriguing differences. Moreover, our genetic analysis Expression within the CNS begins during late stage 13,
led to two important findings. First, midline repulsion shortly after the first axons have extended (Figures 2A
by Netrin and Unc5 operates largely independently of and 2B). Unc5 mRNA can be detected in several dis-
midline repulsion mediated by Slit and its Robo recep- persed clusters of cells within the CNS, increasing in
tors. This finding was unexpected since Slit can bind to number as development proceeds (Figures 2B–2D).
Netrin (Brose et al., 1999), and can also silence Netrin Prominent Unc5 staining is also seen in the peripheral
attaction by inducing the formation of Robo/DCC recep- and exit glia, which migrate laterally out of the CNS
tor complexes (Stein and Tessier-Lavigne, 2001). Thus, it between stages 14 and 17 (Figures 2C and 2D).
initially seemed more likely that Slit would also modulate Anti-Unc5 antisera were generated using a peptide
repulsion by Netrins. Second, the DCC family receptor corresponding to the Unc5 amino terminus. Labeling
Frazzled contributes to long-range repulsion by Netrins, with these antisera revealed accumulation of Unc5 pro-
but not to short-range repulsion. The requirement for tein on motor axons that exit the CNS ipsilaterally via
Frazzled in long-range repulsion is cell autonomous. We the segmental nerve root (SN; Figure 2E). No staining
propose that DCC/UNC5 receptor complexes mediate could be detected on either commissural or longitudinal
Netrin repulsion at long range, while UNC5 acts either axons within the CNS, nor on motor axons that exit via
alone or with another coreceptor at short range. the intersegmental nerve (ISN). In the periphery, Unc5
protein could be detected on all branches of the SN
(Figure 2F). Exit and peripheral glia along both the SNResults
and ISN also express high levels of Unc5 protein (Figure
2F). By staining glial cells missing mutants, which lackIdentification of Drosophila Unc5
Drosophila Unc5 was initially identified by searching the these glia, we could confirm that Unc5 protein is ex-
pressed on motor axons, not just glia, of the SN, whileEST database (Rubin et al., 2000) for sequences similar
to C. elegans unc-5. One EST clone predicted to encode being undetectable on motor axons of the ISN and its
branches (Figure 2G).a protein with significant homology to UNC-5 was identi-
Short- and Long-Range Repulsion by Unc5
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Figure 1. Stucture of Drosophila Unc5
(A) Genomic organization of the Unc5 gene at 51F9 on the second chromosome. Proximal is to the left. Coding regions are shaded or color-
coded to indicate sequences encoding conserved domains as indicated in (B) and (C).
(B) Alignment of predicted amino acid sequences of Drosophila Unc5, one of its rat orthologs, UNC5H1, and C. elegans UNC-5. Conserved
domains are underlined. The second immunoglobulin (Ig) domain is of the C2 type, while the first Ig domain has an additional pair of conserved
cysteines likely to form a second disulfide bond between the C and F strands (Leung-Hagesteijn et al., 1992).
(C) Comparison of the predicted structures of rat UNC5H1, Drosophila Unc5, and C. elegans UNC-5. Numbers indicate percentage amino
acid identity of each domain in pairwise alignments of Drosophila Unc5 with UNC5H1 and UNC-5, excluding the small insertions in Drosophila
Unc5 (gray boxes). Overall, Drosophila Unc5 is 29% identical to UNC5H1 and 24% identical to UNC-5. Ig: Immunoglobulin domain; TSP:
thrombospondin type I domain; ZU5: zonula occludens-1/UNC-5 domain; DB: DCC binding motif; DD: death domain.
There is thus a striking complementarity between the in which both the NetA and NetB genes are deleted. For
this, we used both the general motor axon marker MAbexpression patterns of Unc5 and the Netrins (Figure 2H).
Unc5-expressing motor axons avoid midline cells in the 1D4 (Van Vactor et al., 1993) and anti-Unc5. We could
not detect any abnormalities in the SNa and SNc projec-CNS and muscles in the periphery that express Netrins.
Conversely, commissural axons that are attracted by tions in these embryos (data not shown; see also Mitch-
ell et al., 1996). The lateral migration of peripheral andNetrins do not express Unc5, nor do those motor axons
that innervate Netrin-expressing muscles. The finding exit glia, visualized with anti-Repo antibodies, also ap-
pears normal in Netrin-deficient embryos. We also in-that Unc5 is expressed on SNa motor axons was particu-
larly satisfying since these axons can be repelled by jected double-stranded Unc5 RNA into wild-type em-
bryos in an attempt to specifically disrupt Unc5 functionectopic expression of NetB, either on all muscles (Mitch-
ell et al., 1996) or on specific target muscles (Winberg by RNA-mediated interference (RNAi). Although this re-
sulted in a strong reduction in Unc5 staining, MAb 1D4et al., 1998). These data therefore strongly suggest that
repulsion mediated by Netrins and Unc5 helps to guide did not reveal any misrouting of SN motor axons in these
embryos. Thus, while the expression data suggest a roleSNa motor axons out of the CNS and on to their specific
muscle targets. for Unc5 in repelling SN motor axons out of the CNS
and away from Netrin-expressing muscles, the genetic
data indicate that repulsion by Netrins is likely to beRepulsion of SNa Motor Axons by Ectopic NetB
Requires Unc5 Function just one of multiple guidance forces that control these
projections.To assess the role of repulsion by Netrins and Unc5 in
shaping motor axon pathways, we first examined the SNa motor axons can however be repelled by Netrins.
If NetB is ectopically expressed on all muscles using adevelopment of these trajectories in Df(1)NP5 embryos,
Neuron
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Figure 2. Expression of Unc5 mRNA and Unc5 Protein
(A–D) Unc5 mRNA distribution in wild-type embryos at the indicated stages. Ventral views are shown, with anterior to the left. Mesodermal
expression begins to fade around stage 13 (arrowhead in [A]), just as expression in clusters of cells within the CNS begins (red brackets in
[B]–[D]). Unc5 mRNA is also expressed in peripheral and exit glia as they migrate laterally out of the CNS during stages 14–17 (arrows in [C]).
(E–G) Unc5 protein distribution in wild-type (E and F) and glial cell missing (gcmP1) mutant (G) embryos at stage 16. High magnification dorsal
views of dissected embryos are shown, with anterior up. (F) and (G) are photomontages of images acquired in three and two different focal
planes, respectively. (E) Within the CNS, Unc5 protein accumulates on the segmental nerve (SN) root, but not on commissural (AC and PC)
or longitudinal axons, nor on motor axons exiting the CNS via the intersegmental nerve (ISN) root. (F) In the periphery, Unc5 can be detected
on motor axons of the SNa and SNc branches of the SN, and in exit and peripheral glia associated with both the SN and ISN (arrowheads).
(G) Elimination of the glia in a gcm mutant reveals that strong axonal staining is confined to the SN and its branches.
(H) Schematic of CNS and motor axon pathways, showing patterns of Unc5 and Netrin expression. Pink indicates Netrin expression in glia
and neurons at the CNS midline (NetA and NetB), ventral muscles 6 and 7 (NetB), dorsal muscles 1 (NetA) and 2 (NetA and NetB), and in a
dorsal patch of epidermal cells (NetA). Unc5 is expressed on ipsilateral motor axons of the SN (red), including SNc and SNa (which splits into
a lateral and a dorsal branch beyond muscle 12), as well as on exit and peripheral glia (orange). CNS axons, ISN motor axons, and axons of
the transverse nerve (TN) do not express detectable levels of Unc5 (black). ISN, SNa, and ISNb motor axons actually run beneath the ventral
muscles, but are shown above them for clarity. Note that motor axons expressing Unc5 avoid Netrin-expressing cells both in the CNS and
in the periphery.
24B-GAL4 driver and a UAS-NetB transgene, SNa axons deed sense Netrin as a repulsive signal acting through
the Unc5 receptor.often stall at the edge of the CNS or fasciculate with
the ISN (Mitchell et al., 1996). Does this gain-of-function
phenotype depend on Unc5 function? To test this, we Short-Range Repulsion by Unc5: Preventing
Commissural Axons from Crossing the Midlineinjected Unc5 double-stranded RNA into 24B-GAL4/
UAS-NetB embryos. In control embryos that were either Within the CNS, Netrins are expressed primarily at the
midline, where they act through the DCC family receptoruninjected or injected with buffer alone, SNa motor ax-
ons failed to enter their lateral muscle target region in Frazzled to help guide commissural axons toward and
across the midline (Harris et al., 1996; Kolodziej et al.,54% or 57% of hemisegments, respectively (Figures 3B
and 3D). In contrast, this phenotype was seen in only 1996; Mitchell et al., 1996). If Unc5 is indeed a repulsive
Netrin receptor, then misexpression of Unc5 on these14% of hemisegments in Unc5 RNAi embryos (Figures
3C and 3D). To confirm that this effect was specific commissural axons should prevent them from crossing
the midline, possibly even redirecting them laterallyto Unc5, we also injected ectopic NetB embryos with
Ptp69D double-stranded RNA. Ptp69D encodes a re- away from the midline and out of the CNS. To test this,
we expressed Unc5 in all postmitotic neurons using aceptor tyrosine phosphatase that is expressed on SNa
motor axons and contributes to their guidance, but has UAS-Unc5 transgene and an elav-GAL4 driver. Commis-
sures are completely lacking in these embryos (Figureonly a very mild loss-of-function phenotype (Desai et
al., 1996). It thus serves as an ideal control for Unc5. 4B). The longitudinal connectives are also more widely
separated than in wild-type embryos. However, there isThe NetB gain-of-function phenotype was not sup-
pressed by Ptp69D RNAi, with SNa axons failing to reach no detectable increase in the number of axons that ex-
tend laterally away from the midline. Pan-neural expres-their muscle targets in 75% of hemisegments (Figure
3D). These data establish that SNa motor axons do in- sion of Unc5 thus results in a short-range repulsive re-
Short- and Long-Range Repulsion by Unc5
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Figure 3. Interference with Unc5 Suppresses SNa Stalling Induced by Pan-Muscle Expression of NetB
(A–C) Stage 16 embryos stained with MAb 1D4 (anti-FasII) to show motor axon projections. Anterior is up and dorsal right. Images are
photomontages of two different focal planes.
(A) Wild-type, showing the normal projection of SNa and its bifurcation into dorsal and lateral branches (arrowheads).
(B) 24B-GAL4/UAS-NetB embryo, in which NetB is ectopically expressed by all muscles. In the lower segment, SNa motor axons have failed
to reach their targets (open arrow and arrowheads). In the upper segment, SNa is unusally thin (black arrow) and lacks its lateral branch (open
arrowhead).
(C) 24B-GAL4/UAS-NetB embryo injected with Unc5 double-stranded RNA. Normal targeting of SNa motor axons is largely restored by RNA-
mediated interference with Unc5 function.
(D) Percentage of hemisegments with SNa defects in 24B-GAL4/UAS-NetB embryos that were either left uninjected (no inj.), or were injected
with water (buffer), Unc5 dsRNA, or, as a further control, PTP69D dsRNA. n  204, 113, 119, and 149, respectively.
sponse in which commissural axons are prevented from (for the domain deletions) or a C-terminal c-myc epitope
(for the myristoylated cytoplasmic domain).crossing the midline, but are not driven directly away
from it. These results confirm the conclusions from the Xeno-
pus in vitro studies (Hong et al., 1999) that the DB domainThis “commissureless” phenotype is much stronger
than the partial loss or thinning of commissures ob- is required for Unc5 repulsion, and extend them by
showing a requirement also for the ZU5 domain andserved in either Netrin or frazzled mutant embryos, and
so cannot simply be explained by the ability of Unc5 each of the four extracellular domains. However, our
finding of a strict requirement for both the death domainto sequester Netrin or Frazzled proteins into inactive
complexes. Unc5 also appears to be far more potent in (Figure 4D) and the extracellular domain (Figure 4E) of
Drosophila Unc5 contrasts with the dispensibility of thepreventing midline crossing than the Robo receptors for
the midline repellent Slit. We tested nine independent corresponding domains of UNC5H2 in the Xenopus
assays (Hong et al., 1999). Deletions were made at analo-insertions of the UAS-Unc5 transgene, and all of them
gave a completely penetrant commissureless phenotype gous positions of the UNC5 proteins in both sets of
experiments. It therefore seems unlikely, but cannot bewith just single copies of both transgenes. In contrast,
robo gain-of-function phenotypes generally require at excluded, that the failure of these mutant Drosophila
Unc5 proteins to mediate repulsion is just a trivial conse-least two copies of either or both of the UAS-robo and
elav-GAL4 transgenes (Bashaw and Goodman, 1999; quence of protein misfolding or instability. Rather, it
suggests that the repulsion of commissural axons byKidd et al., 1999; Rajagopalan et al., 2000a; Simpson et
al., 2000b). Unc5 in Drosophila may occur through a mechanism
distinct from the repulsion of spinal axons by UNC5H2The strong commissureless phenotype of these pan-
neural Unc5 embryos provided the opportunity to examine in the Xenopus assays.
the structural requirements for Unc5-mediated repulsion.
To this end, we generated a series of UAS constructs Short-Range Repulsion by Unc5 Requires Netrin
but Not frazzled Functionencoding mutant Unc5 proteins, each lacking one of the
conserved extracellular or intracellular domains, as well Growth cone repulsion mediated by ectopic UNC5 ex-
pression, both in C. elegans and in the Xenopus in vitroas a construct encoding an N-terminal myristoylated
form of the Unc5 cytoplasmic domain (Figure 4C). None assays, has been shown to require not only Netrin func-
tion but also that of DCC family receptors (Hamelin et al.,of these mutant Unc5 transgenes, when expressed us-
ing the elav-GAL4 driver, resulted in even a weak com- 1993; Colavita and Culotti, 1998; Hong et al., 1999). We
therefore anticipated that both Netrin and frazzled func-missureless phenotype (Figures 4C–4E). At least two
different insertions of each transgene were tested. Ex- tion would be required to prevent midline crossing in
elav-GAL4/UAS-Unc5 embryos. To test this, we gener-pression and axonal localization of the mutant proteins
were confirmed by Western blotting and in situ detection ated embryos carrying both transgenes in the back-
ground of either the Netrin deficiency Df(1)NP5 or theusing antibodies against either an N-terminal HA epitope
Neuron
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Figure 4. Pan-Neural Expression of Unc5 Prevents Commissural Axons from Crossing the Midline
(A, B, D, and E) Stage 16 embryos stained with MAb BP102 to visualize all CNS axons.
(A) Wild-type, showing the normal pattern of two commissures crossing the CNS midline in each segment.
(B) elav-GAL4/UAS-Unc5 embryo, in which Unc5 is expressed by all postmitotic neurons. Commissures are completely absent.
(C) Schematic diagram showing mutant Unc5 proteins encoded by a series of UAS transgenes. “gof?” indicates whether or not the corresponding
UAS transgene results in a gain-of-function “commissureless” phenotype in combination with elav-GAL4.
(D and E) Commissures form normally in elav-GAL4/UAS-Unc5DD (D) and elav-GAL4/UAS-myr-Unc5 (E) embryos, as for all other deletion
constructs tested.
frazzled null allelic combination fra3/fra4. As expected, role for Slit in Unc5-mediated repulsion since clearly
Unc5 misexpression does have an effect in the absencemidline repulsion by Unc5 does indeed require Netrin
function (Figures 5A and 5D). Surprisingly, however, it is of Slit. It does, however, suggest an indirect role. For
example, repulsion by Netrin and Unc5 may only beindependent of frazzled function. The elav-GAL4/UAS-
Unc5 phenotype is just as strong in the frazzled mutant effective in keeping axons away from the midline when
it is added on top of the repulsive signal transducedbackground (Figure 5E) as in the wild-type background
(Figure 4B). via Slit and its Robo receptors. Another, not exclusive,
possibility is that this intermediate phenotype is due toWe also wondered if midline repulsion by Unc5 might
depend in any way on repulsion mediated by Slit and the ventral displacement of midline cells that occurs
in both slit and robo robo2 mutants (Sonnenfeld andits Robo receptors, given that Slit can bind directly to
Netrin (Brose et al., 1999), and can also act via Robo Jacobs, 1994; Rajagopalan et al., 2000a).
receptors to silence Netrin attraction (Stein and Tessier-
Lavigne, 2001). To test this, we generated embryos car- Modular Netrin Receptors
Several recent experiments point to the modular designrying both the elav-GAL4 and UAS-Unc5 transgenes,
and also homozygous for one or more of the null alleles of axon guidance receptors, in which the extracellular
domain determines the ligand specificity while the cyto-slit2, robo1, and robo24.
The commissureless phenotype of pan-neural Unc5 plasmic domain dictates the response of the growth
cone (Bashaw and Goodman, 1999; Hong et al., 1999;embryos is essentially unaltered in the robo and robo2
single mutant backgrounds. The phenotype seen when Stein and Tessier-Lavigne, 2001; Stein et al., 2001). In
particular, Hong et al. (1999) demonstrated that a DCC-either slit or both robo and robo2 function is eliminated
is more difficult to interpret. The CNS phenotype ob- UNC5H2 chimeric receptor consisting of the extracellu-
lar domain of DCC and the cytoplasmic domain ofserved in these embryos (Figure 5F and data not shown)
is intermediate between that of pan-neural Unc5 em- UNC5H2 is as effective as wild-type UNC5H2 in repelling
Xenopus spinal axons away from a Netrin source in vitro.bryos and either slit (Figure 5C) or robo robo2 embryos.
In some segments, axons are entirely collapsed at the We wished to test this finding in vivo. In addition, we
sought to extend this result by testing the predictionmidline as in slit or robo robo2 mutants, but in other
segments axons are separated into two bundles, one that a reciprocal UNC5-DCC chimera should mediate
attraction to Netrin.on each side of the midline. This argues against a direct
Short- and Long-Range Repulsion by Unc5
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Figure 5. Unc5 Requires Netrin but Not
Frazzled to Prevent Midline Crossing
Stage 16 embryos stained with MAb BP102.
Embryos shown in (A), (B), and (C) do not
carry any transgenes, those in (D), (E), and
(F) carry both the elav-GAL4 and UAS-Unc5
transgenes.
(A and D) Df(1)NP5/Y embryos lacking both
NetA and NetB. Loss of Netrin function pre-
vents some but not all commissural axons
from crossing the midline (A). Pan-neural ex-
pression of Unc5 does not prevent these ax-
ons from crossing the midline in the absence
of Netrin function (D).
(B and E) fra3/fra4 embryos. (B) fra mutant
embryos show a phenotype similar to, but
generally stronger than, that of Netrin-defi-
cient embryos. (E) In the fra mutant back-
ground, pan-neural expression of Unc5
results in a “commissureless” phenotype in-
distinguishable from that observed in a wild-
type background (Figure 4B).
(C and F). slit2/slit2 embryos. (C) In slit mutant
embryos, all CNS axons converge on the mid-
line, which is displaced ventrally (not shown).
(F) In the slit background, pan-neural expres-
sion of Unc5 partially hinders CNS axons from
converging on the midline, but does not pre-
vent the ventral displacement of midline cells.
We therefore prepared UAS transgenes encoding chi- range, preventing commissural axons from crossing the
midline. In a final set of experiments, we wished to ex-meric Fra-Unc5 and Unc5-Fra receptors, in which the
cytoplasmic domains of the two Netrin receptors had tend these observations by asking how an ipsilateral
interneuron—one that does not normally cross the mid-been swapped immediately proximal to their transmem-
brane domains (Figure 6A). To test the prediction that line—would respond to ectopic expression of Unc5. For
this, we used the Ap-GAL4 driver. This line expressesthe cytoplasmic domain of Unc5 specifies repulsion, we
examined the CNS of embryos in which one or other GAL4 in three neurons in each hemisegment, called the
Ap neurons. Their cell bodies are positioned laterallyof these chimeras was expressed using the elav-GAL4
driver. As expected, pan-neural expression of the Fra- within the nerve cord, several cell diameters from the
midline (Figure 7A). One is located dorsally, the otherUnc5 chimera results in a commissureless phenotype
just as strong as that observed with the full-length Unc5 two ventrally. All three are intersegmental interneurons.
Their axons first grow toward the midline, but they doreceptor (Figure 6B). Ectopic expression of Unc5-Fra
has no obvious effect (Figure 6C), as previously found not cross it, instead turning anteriorly to continue along
the medial edge of the ipsilateral longitudinal tract. Into be the case also for full-length Fra (Kolodziej et al.,
1996). the experiments reported here, we focus on the behavior
of the dorsal Ap neuron.Does the Unc5-Fra chimera act as an attractive Netrin
receptor? If so, pan-neural expression of this receptor, Expression of Unc5 in this neuron has remarkable
consequences. Rather than growing toward the midline,like that of Fra itself (Kolodziej et al., 1996), should at
least partially rescue the frazzled mutant phenotype. its axon now grows laterally away from the midline to
exit the CNS and continue on a motor trajectory into theThis is indeed the case. Each of two UAS-Unc5-fra trans-
gene insertions tested almost completely rescued the periphery (Figure 7B). This phenotype is highly pene-
trant: 91% of dorsal Ap axons examined exited the CNSfrazzled null mutant (Figures 6D–6F, Table 1). UAS-
Unc5-fra rescues both the commissural and longitudinal in these embryos (Figure 7F). Thus, Unc5 can repel ax-
ons away from the midline at long range, forcing themaxon defects of frazzled mutants just as efficiently as
does UAS-fra. We therefore conclude that Unc5-Fra is 180 off course. All of the mutant Unc5 proteins tested
in the midline crossing assay (Figure 4C) were also foundan attractive Netrin receptor, formally completing the
demonstration that Netrin receptors are modular: the to be defective in this assay.
growth cone response (attraction or repulsion) is deter- This long-range repulsion by Unc5 requires Netrin
mined by the cytoplasmic domain (DCC or UNC5, re- function, as expected (Figures 7C and 7F). However,
spectively), irrespective of the Netrin binding extracellu- unlike the short-range repulsion of commissural axons
lar domain to which it is attached. at the midline, long-range repulsion of Ap axons is par-
tially dependent on frazzled function (Figure 7D). In fraz-
zled mutant embryos, only 59% of Ap axons exited theLong-Range Repulsion: Driving Interneurons
CNS upon ectopic Unc5 expression (Figure 7F). To deter-out of the CNS
mine whether this reflects an autonomous requirement forOur experiments using the elav-GAL4 driver show that
Unc5 is a potent mediator of Netrin repulsion at short frazzled, we restored its function specifically in the Ap
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Figure 6. Modular Design of Netrin Receptors
(A) Schematic showing the structure of Unc5
and Frazzled (Fra) receptors, and chimeric
Fra-Unc5 and Unc5-Fra proteins in which the
cytoplasmic domains of the two receptors
have been swapped. Fra has the characteris-
tic structure of DCC family receptors, con-
sisting of 4 Ig domains and 6 fibronectin type
III (FN) domains extracellularly, and a cyto-
plasmic domain that includes three short
conserved motifs (P1, P2, and P3).
(B–F) Stage 16 embryos of the indicated ge-
notype stained with MAb BP102. Embryos
shown in (B), (C), (E), and (F) additionally carry
the elav-GAL4 driver.
(B and C) Pan-neural expression of Fra-Unc5
(B), but not Unc5-Fra (C), prevents commis-
sural axons from crossing the midline.
(D–F) Rescue of the fra3/fra4 mutant pheno-
type (D) by pan-neural expression of either
Fra (E) or Unc5-Fra (F).
neurons by introducing a UAS-fra transgene into these line repulsion of either commissural or Ap axons forced
to express Unc5 requires Netrin function.embryos. The percentage of Ap axons exiting the CNS
rose to 97% (Figure 7F), demonstrating that potent long- At this point, we cannot be sure whether just one
or both of the Drosophila Netrins, NetA and NetB, arerange repulsion of Ap axons requires expression of both
Unc5 and Fra in the Ap neurons themselves. ligands for Unc5. Clearly, NetB alone is capable of repel-
ling Unc5-expressing SNa motor axons (Mitchell et al.,Finally, we asked whether Slit and its receptor Robo
contribute to the long-range repulsion of Ap axons medi- 1996; Winberg et al., 1998), while ectopic expression of
NetA appears to have no effect on these axons (Winbergated by Unc5. Of the three Drosophila Robo receptors,
Ap neurons express only Robo, the founding member et al., 1998). Thus, while NetA and NetB are both attract-
ants, only NetB may also be a repellent. It will be interest-of the Robo family (Kidd et al., 1998; Rajagopalan et
al., 2000b; Simpson et al., 2000a). We could therefore ing to determine whether these functional interactions
are reflected in the ligand specificity of the Drosophilaeliminate Slit repulsion simply by removing robo func-
tion, thus avoiding the problem of the midline collapse Netrin receptors, and if so, whether such specificity de-
pends on the unique insert domains found in each ofthat complicated the interpretation of Slit function in the
midline crossing assay. In a robo null mutant back- the NetA, NetB, and Unc5 proteins.
ground, Unc5 expression drives Ap axons out of the
CNS just as effectively as it does in a wild-type back-
ground (92% of Ap axons; Figure 7F). Long-range repul- Does Unc5 Contribute to Motor Axon Guidance?
The expression patterns of Unc5 and the two Netrinssion mediated by Netrin and Unc5 thus operates inde-
pendently of repulsion mediated by Slit and Robo. within the developing nervous system are strikingly
complementary. SN motor axons that express Unc5
avoid both midline cells and peripheral muscles thatDiscussion
express Netrins, while commissural axons that cross
the midline and motor axons that innervate Netrin-Unc5 Is a Repulsive Netrin Receptor
In this paper, we have reported the identification and expressing muscles do not express Unc5. These obser-
vations hint at an important role for Netrin repulsion incharacterization of the Drosophila UNC-5 ortholog,
Unc5, and have shown that it mediates potent repulsive guiding SN motor axons, first out of the CNS, and then in
their choice of specific muscle targets in the periphery.responses to Netrins. Evidence that Unc5 is a repulsive
Netrin receptor comes from two complementary sets of However, in both Netrin-deficient and Unc5 RNAi em-
bryos, SN motor axons still exit the CNS and chooseobservations. First, repulsion of SNa motor axons by
ectopic NetB requires Unc5 function. Conversely, mid- their correct targets. Thus, repulsion by Netrins is likely
Short- and Long-Range Repulsion by Unc5
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Table 1. Rescue of frazzled Mutants with UAS-fra and UAS-Unc5-fra Transgenes
Anterior Commissure (%) Posterior Commissure (%)
Segments Longitudinal
Genotype Scored Wild-Type Thin Absent Wild-Type Thin Absent Breaks (%)
fra3/fra4 176 19.3 69.3 11.4 4.5 85.2 10.2 21.0
fra3/fra4, elav-GAL4/UAS-fra 286 99.3 0.7 0.0 96.5 3.5 0.0 2.1
fra3/fra4, elav-GAL4/UAS-Unc5-fraT1 132 90.9 9.1 0.0 97.0 3.0 0.0 5.3
fra3/fra4, elav-GAL4/UAS-Unc5-fraT2 132 89.4 10.6 0.0 92.4 7.6 0.0 3.0
Embryos of the indicated genotype were stained with MAb BP102, dissected, and examined for defects in the commissural or longitudinal
axon pathways. Commissures were assigned to one of three bins: wild-type or nearly wild-type, thinner than normal, or completely or nearly
absent. The number of segments scored for commissural defects is indicated. For longitudinal breaks, the number given is the percentage
of hemisegments, not segments, in which the longitudinal tract was discontinuous. T1 and T2 are different insertions of the UAS-Unc5-fra
transgene.
to be just one of multiple guidance cues that control As predicted by this model, we found that a Fra-Unc5
chimera acts as a repulsive receptor and Unc5-Fra as anthese pathways.
One obvious candidate for a second repellent that attractive Netrin receptor. Both chimeras proved to be
as potent as the wild-type proteins in mediating thesedrives motor axons away from the midline is Slit. How-
ever, even in embryos lacking both slit and Netrin function, responses. These data thus provide a clear in vivo demon-
stration of the modular design of the two Netrin receptors.many motor axons still exit the CNS (our unpublished
observations). At least one additional midline repellent
for Drosophila motor axons evidently remains to be dis- Short- and Long-Range Repulsion by Netrins
covered. Multiple cues also appear to repel motor axons in and Their Receptors
the vertebrate CNS. For example, trochlear motor neurons Netrins can act over either a short or a long distance to
express Unc5h1 and their axons are repelled by netrin-1 in repel CNS axons forced to express Unc5. Pan-neural
vitro, but they still project normally in netrin-1-deficient expression of Unc5 leads to a short-range response, in
mice (Colamarino and Tessier-Lavigne, 1995; Serafini et which commissural axons are prevented from crossing
al., 1996; Leonardo et al., 1997). the midline, but do not grow away from it. Expression
In the periphery, a host of molecules have been identi- of Unc5 in a single lateral interneuron, the dorsal Ap
fied that help direct individual motor axons to their spe- neuron, elicits a long-range response. Rather than grow-
cific muscle targets. In addition to NetA and NetB, these ing toward the midline as it normally does, the Ap axon
include Semaphorins, such as Sema2a (Winberg et al., instead grows directly away from the midline and out
1998), and Ig family cell adhesion molecules, such as of the CNS.
FasII (Davis et al., 1997). Genetic analysis suggests that Why doesn’t pan-neural expression of Unc5 lead to
muscle target selection depends on a complex set of the same long-range response, resulting in a massive
cooperative and antagonistic interactions between exodus of CNS axons? The reason for this is not entirely
these and other guidance cues (Winberg et al., 1998). clear. It may be that only very few neurons are capable
In this context, the loss of just a single guidance cue of such a dramatic response, and we were simply lucky
generally results in only a partially penetrant targeting enough to have a GAL4 line for one of them. However,
defect. It is therefore perhaps not so surprising to find the only other GAL4 driver we tested that is expressed
that SN motor axons still appear to project normally in a subset of interneurons (eg-GAL4) also produced
when either Netrin or Unc5 function is impaired. De- a long-range response (our unpublished results), so it
tecting a more subtle requirement for Netrin repulsion seems that this may indeed be a more general phenome-
in muscle targeting will require the generation of loss- non. Another possibility is that the pan-neural and sub-
of-function mutations in Unc5, and the examination of set-specific drivers differ in the timing and/or levels of
embryos in which motor axons are defective in their transgenic expression they provide. While this is cer-
responses to multiple cues, not just Netrins. tainly the case, it seems unlikely to account for the
different responses. Introducing a second copy of the
UAS-Unc5 transgene did not result in a detectable in-Modular Design of Netrin Receptors
Hong et al. (1999) have previously demonstrated that a crease in the number of axons exiting the CNS with elav-
GAL4, nor did the use of another, earlier, pan-neuralDCC-UNC5H2 chimera acts as a repulsive Netrin recep-
tor in vitro. In a parallel study, Bashaw and Goodman driver, 1407-GAL4. Similarly, an extra copy of the UAS-
Unc5 transgene does not alter the long-range response(1999) found that a Fra-Robo receptor also behaves as
a repulsive Netrin receptor in vivo, while the reciprocal of Ap axons (our unpublished results).
We suspect that the essential difference in these twoRobo-Fra receptor functions as an attractive Slit recep-
tor. Together, these two studies led to the general notion sets of experiments is the distribution of free Netrin
ligand. Normally, Netrin is likely to diffuse far from thethat axon guidance receptors are modular in their de-
sign—the extracellular domain determines the ligand midline, and could thus act as a long-range repellent
for SN motor axons that endogenously express Unc5,specificity while the cytoplasmic domain specifies the
nature of the response (attraction or repulsion). or Ap axons that are forced to express Unc5. But when
Unc5 is ectopically expressed at high levels on all CNSWe have tested this idea in vivo, specifically for the
attractive and repulsive Netrin receptors, Fra and Unc5. axons, Netrin diffusion may be more limited. In this case,
Neuron
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Figure 7. Long-Range Repulsion of Ap Ax-
ons by Unc5
(A–E) Confocal micrographs of stage 16 em-
bryos of the indicated genotypes, stained
with anti-HRP to visualize all axons (green)
and either anti--galactosidase (A) or anti-
HA (B–E) to visualize the Ap axons (red). All
embryos additionally carry the Ap-GAL4
driver. The anti-HA antibody detects the N-
terminal HA epitope on the transgenic Unc5
protein.
(A) Ap axons normally project toward the mid-
line before turning to run alongside it (arrows).
(B) Ectopic expression of Unc5 redirects the
Ap axons away from the midline and out of
the CNS.
(C) Ap axons are not rerouted by Unc5 in
Df(1)NP5/Y embryos lacking the function of
both NetA and NetB.
(D) Only some Ap axons grow away from the
midline when forced to express Unc5 in a fra3/
fra4 mutant background (e.g., arrow in the top
right hemisegment). The Ap axons in the top
and bottom left hemisegments are not re-
pelled away from the midline (open arrow),
but instead follow their normal trajectory (ho-
rizontal arrow in the top left hemisegment,
out of focal plane in the bottom left hemi-
segment).
(E) Robo is not required for Ap axons to be
repelled away from the midline by ectopic
Unc5, as shown here in a robo1/robo8 mutant
background.
(F) Percentage of Ap axons exiting the CNS in
each of the indicated genotypes. All embryos
carried the Ap-GAL4 driver. “wt” embryos in-
dicated in the left column also carried the
UAS-lacZ reporter. Embryos were fixed and
stained as for (A)–(E), and scored in either
dissected or whole-mount preparations. n 
336, 343, 136, 224, 110, and 298, respectively.
axons might only encounter free Netrin ligand close to (Colavita and Culotti, 1998). unc-40 has been shown to
act autonomously to mediate ventral migrations (Chanthe midline, resulting in a short-range response.
Whatever the reason for this difference, it has enabled et al., 1996), but an autonomous role for unc-40 in dorsal
migrations has not yet been demonstrated. This is aus to establish in vivo assays that clearly distinguish
between short- and long-range repulsion by Netrins. critical issue, as experiments in Drosophila have demon-
strated nonautonomous guidance functions for theThis was important, as it allowed us to resolve a long-
standing uncertainty concerning the role of DCC pro- unc-40 homolog frazzled (Gong et al., 1999; Hiramoto
et al., 2000). It thus remains unclear what role UNC-40teins in UNC5-mediated repulsion. The origin of this
debate goes back to the initial report of Hedgecock actually plays in Netrin/UNC-6 repulsion in C. elegans.
Further experiments in Drosophila and vertebrates haveet al. (1990), showing that both unc-5 and unc-40 are
required for dorsal migrations, but unc-40 to a lesser not helped to clarify the situation. In Drosophila, repul-
sion of SNa motor axons by ectopic NetB, which weextent than unc-5. Subsequently, expression of unc-5 in
lateral mechanosensory neurons was found to redirect have shown to be mediated by Unc5, does not require
Frazzled (Winberg et al., 1998). In contrast, UNC5 recep-their axons dorsally (Hamelin et al., 1993), and this re-
sponse shows a strong requirement for unc-40 function tors do require DCC function to repel Xenopus spinal
Short- and Long-Range Repulsion by Unc5
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brary. The clones differed only in the length of their 5 untranslatedaxons away from a Netrin source in vitro (Hong et al.,
regions. The sequence of the longer clone has been deposited in1999).
GenBank with the accession number AF247762.In attempting to draw a conclusion from this disparate
set of results, several authors have speculated that
Generation of Unc5 TransgenesUNC5 receptors might be able to act alone at high Netrin
Two UAS-Unc5 transgenes were generated, one with and one with-
concentrations, but require DCC coreceptors at lower out 3 amino-terminal hemagglutinin (HA) epitope tags. The untagged
concentrations (Leonardo et al., 1997; Colavita and Cu- version consists of an Unc5 cDNA with unmodified open reading
frame inserted into the pUAST transformation vector (Brand andlotti, 1998; Hong et al., 1999). Until now, this idea has
Perrimon, 1993). The epitope-tagged version encodes a protein innot been directly tested. Here, we offer strong evidence
which the following fragments are fused in order: amino acids 1–32in support of such a model: short-range repulsion of
of Wingless (including the signal sequence), AR, 3 HA epitope tagscommissural axons by Netrin and Unc5 does not require
(YPYDVPDYAG), SLD (encoded by a BglII restriction site), amino
Frazzled. In contrast, Frazzled is needed for potent long- acids 32–536 of Unc5 (encompassing the extracellular and trans-
range repulsion, and this is an autonomous requirement. membrane domains), SF (HindIII), and amino acids 536–1072 of Unc5
(cytoplasmic domain). Four insertions of the unmodified transgeneDoes UNC5 act alone at short range, or might it require
and five of the HA-tagged transgene were tested in the elav-GAL4yet another coreceptor? This remains to be addressed
assay, and one and five insertions, respectively, in the Ap-GAL4in future studies. It is, however, interesting to note that
assay. All insertions tested gave identical phenotypes. The experi-short-range repulsion requires the DB (DCC binding)
ments described here were all performed with the HA-tagged
domain of Unc5, but does not require Frazzled. The version.
requirement for the DB domain of Unc5 thus cannot be UAS transgenes encoding extracellular and cytoplasmic domain
deletions were generated in the background of the HA-tagged Unc5due to its role in binding the P1 domain of Frazzled, but
construct. The encoded proteins are predicted to contain one ofmay instead indicate a role in binding other proteins,
the following deletions (additional amino acids, where indicated):perhaps even another coreceptor. Another intriguing dif-
Ig domain 1, 123–238; Ig domain 2, 240–315; TSP domain 1,ference between UNC5-mediated repulsion in our Dro-
315–385T; TSP domain 2, 385–446TS; ZU5 domain, 726–
sophila assays and in the Xenopus assays of Hong et 740LC; DB domain, 829–836; or Death domain, 979–1072GS.
al. (1999) is that we also see a strict requirement for the The myr-Unc5 fusion protein consists of amino acids 1–48 of Dro-
sophila src64B (including the myristoylation sequence), RS (BglII),Unc5 death domain. This domain is required in both our
amino acids 538–1072 of Unc5, RS (BglII), and 4 c-myc epitopelong- and short-range assays, but not for the repulsive
tags (EQKLISEEDLNGS). All modifications were performed usingNetrin response of Xenopus spinal axons in vitro. Per-
standard PCR-based cloning strategies. The integrity of all con-haps at very low Netrin concentrations, as encountered
structs was confirmed by sequence analysis of the entire open
by Xenopus axons in the in vitro turning assays, UNC5 reading frame. Full details of the cloning strategies are available
repulsion does not require the death domain and is me- upon request.
diated entirely through its interaction with DCC, whereas
at the high Netrin concentrations likely to be encounted Drosophila Genetics
Misexpression using the GAL4-UAS system was performed withby Drosophila commissural axons in vivo, UNC5 repul-
the following lines: elav-GAL4 (insertion on the 3rd chromosome,sion requires the death domain but not DCC. At interme-
provided by Aaron di Antonio and Corey Goodman), Ap-GAL4 (2nddiate Netrin concentrations, which may operate in our
chromosome, John Thomas), 24B-GAL4 (3rd, Liqun Luo), eg-GAL4long-range assays, UNC5 may require both the death
(3rd, Joachim Urban), 1407-GAL4 (2nd, Liqun Luo), UAS-NetB (3rd),
domain and, partially, DCC receptors. There may thus UAS-fra (2nd, Peter Kolodziej), and various wild-type and mutant
be an inverse relationship between the requirement for UAS-Unc5 insertions as described. Embryos shown in Figures 4B,
5, and 7 all carried the same 2nd chromosome insertion of UAS-either DCC as a coreceptor or for the death domain of
Unc5. Where required, lacZ-tagged “blue” balancer chromosomesUNC5, with the relative requirements depending on the
were used to identify embryos of the appropriate genotype.concentration of ligand. In light of this, it is interesting
to note that, in several other receptors, death domains
Injection of Double-Stranded RNAmediate self-association (Tartaglia and Goeddel, 1992;
RNAi experiments were performed as described by Kennerdell andBoldin et al., 1995). We are currently testing the hypothe-
Carthew (1998), using the primers TAATACGACTCACTATAGGGAG
sis that this may also be the case for UNC5 receptors. ACCACCGGCGTTGTGGAGAAGAAGGAGATG and TAATACGACTC
This is an attractive idea, as it would imply an appealing ACTATAGGGAGACCACTGCGTTGCTGGGTGGTGTATGTTG for Unc5,
and TAATACGACTCACTATAGGGAGACCACGGACCATTTCAAGCsymmetry in the signaling modes of Netrin receptors:
CGAACACAACC and TAATACGACTCACTATAGGGAGACCACGCGattraction involves the formation of DCC homodimers
TGGAGACGGGCATTAGACAAC for PTP69D. Three micromolars(mediated by their C-terminal P3 domains), short-range
RNA dissolved in water was injected into either wild-type or 24B-repulsion would involve the formation of UNC5 homodi-
GAL4/UAS-NetB embryos as required.
mers (mediated by their C-terminal death domains), and
long-range repulsion the formation of DCC/UNC5 heter-
Generation of Unc5 Antisera
odimers (mediated by their P1 and DB domains, respec- Unc5 antisera were obtained from rabbits immunized with the pep-
tively). tide GELPQLDYGSLSASLEEDAIDPLTC (Gramsch Laboratories),
corresponding to amino acids 30–53 of Unc5. Sera were affinity
purified using standard methods, and preabsorbed on wild-typeExperimental Procedures
embryos. Specificity of the antisera was confirmed by staining wild-
type, elav-GAL4/UAS-Unc5, and Unc5 RNAi embryos.Identification of Drosophila Unc5
Unc5 was first identified from the EST clone SD04136. A probe from
this clone was used to screen the LD and LP cDNA libraries kindly In Situ Hybridization and Immunohistochemistry
mRNA in situ hybridization was performed as described by Tear etprovided by the Berkeley Drosophila Genome Project. The longest
cDNAs isolated were all 5.0 kb in length. The complete nucleotide al. (1996), and immunohistochemistry as described in Rajagopalan
et al. (2000a, 2000b). Unc5 antisera were used at a dilution of 1:20,sequence was determined for two such clones, one from each li-
Neuron
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followed by detection with biotinylated goat anti-rabbit secondary Hedgecock, E.M., Culotti, J.G., and Hall, D.H. (1990). The unc-5,
unc-6, and unc-40 genes guide circumferential migrations of pioneerantibodies using the Vectastain Elite Kit (Vector Laboratories).
axons and mesodermal cells on the epidermis in C. elegans. Neuron
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